Clarifying the role of magnetic fields in the star formation process is crucial. Observations have already shown that magnetic fields play an important role in the early stages of star formation. The high spatial resolution (∼0.01 to 0.05 pc) provided by NIKA2-Pol 1.2 mm imaging polarimetry of nearby clouds will help us clarify the geometry of the B-field within dense cores and molecular *
filaments as part of the IRAM 30m large program B-FUN. There are numerous challenging issues in the validation of NIKA2-Pol such as the calibration of instrumental polarization. The commissioning phase of NIKA2-Pol is underway and is helping us characterize the intensity-to-polarization "leakage" pattern of the instrument. We present a preliminary analysis of the leakage pattern and its dependence with elevation. We also present the current leakage correction made possible by the NIKA2 pipeline in polarization mode based on the NIKA2-Pol commissioning data taken in December 2018. Based on reduced Stokes I, Q, U data we find that the leakage pattern of NIKA2-Pol depends on elevation and is sensitive to the focus of the telescope.
Introduction
Herschel observations of nearby molecular clouds support a filament paradigm for star formation in which molecular filaments represent a key evolutionary step [2, 3, 8, 9] . The Herschel data indicate that filaments have a common inner width of ∼ 0.1 pc [5, 6] . In parallel, dust polarization observations of the whole sky with the Planck satellite have revealed a regular morphology for magnetic field lines on large scales in interstellar clouds; the orientation of the field tends to be parallel to low-density structures and perpendicular to high-density filaments [11] . This suggests that the magnetic field plays a crucial role in the growth of ISM structure leading to star formation. The transition between the two regimes (with a B-field mostly parallel and mostly perpendicular to the orientation of structures, respectively) is still poorly understood. Clarifying the nature of this transition requires higher spatial resolution than Planck and a detailed statistical analysis. The angular resolution of Planck polarization data 1 is also insufficient to investigate the link between the large-scale (>>0.1 pc) magnetic field in molecular clouds and the small-scale (<<0.1 pc) magnetic field relevant to the formation of individual protostars in dense cores.
NIKA2-Pol is the polarization channel of NIKA2, the new millimeter continuum camera on the IRAM 30m telescope [1] . NIKA2-Pol will soon provide 1.2 mm polarimetric imaging of a selected sample of star-forming molecular filaments at 12 arcsec resolution (or ≈ 8 mpc in the nearest clouds at d ∼ 140 pc), as part of the large program B-FUN 2 (see also [4] for the scientific motivation). When observing in polarization mode, numerous effects coming from the polarimeter itself or the telescope influence the polarization measurements, which need to be characterized before starting science observations. In particular, instrumental polarization, i.e., the conversion of a fraction of unpolarized incident signal into polarized emission, here expressed in the form of an intensity-to-polarization leakage pattern (cf. Fig. 1 ), needs to be carefully calibrated as part of the polarimeter's commissioning. The NIKA2-Pol polarimeter, currently in the commissioning stage 3 , benefits from previous experience of polarization measurements with the NIKA1 pathfinder, which tested and demonstrated the feasibility of millimeter continumm polarimetry with KIDs and a fast (3Hz) and continuously rotating half-wave plate [12] . The NIKA2 instrument was itself tested in polarization mode during the week of December 5-11, 2018 at Pico Veleta. As part of current efforts to characterize the performance of NIKA2-Pol and its ability to deliver reliable polarization maps, the present paper gives an overview of the instrumental polarization affecting the data.
Instrumental polarization: "leakage" pattern
During the Dec. 2018 commissioning week, we repeatedly observed the planet Uranus, an unpolarized source (see [14] , where a polarization fraction of 0.10 ± 0.04% is reported for Uranus), in order to quantify the instrumental polarization affecting NIKA2-Pol data. We analyzed the resulting data in Stokes I, Q, U obtained at different elevations and focus positions. Qualitatively, the leakage pattern observed with NIKA2-Pol has the shape of a cloverleaf consisting of a central positive lobe surrounded by a negative quadrupolar pattern (see Fig. 1 ). The reason for this pattern is still under investigation. To first order at least, the leakage pattern in Stokes U can be obtained by rotating the leakage pattern in Stokes Q by ∼ 45 • . As part of the NIKA2-Pol commissioning run, we performed several observations of Uranus to determine if/how the leakage pattern changes with elevation (due to the system, e.g. telescope, optical path, or polarimeter) and/or whether it changes with the focus position. Instrumental polarization affecting other millimeter and submillimeter polarimeters, such as POL-2/SCUBA-2 on the James Clerk Maxwell Telescope (JCMT) [7] , POLKA/LABOCA at the APEX telescope [14] , or XPOL at the IRAM 30m telescope [13] , has been characterized following a similar approach (observing an unpolarized source such as Uranus).
Dependence of the leakage pattern on elevation
The Uranus maps taken at low and high elevations show that the leakage pattern varies with elevation, and suggest that the level of instrumental polarization is higher at low elevation. As an illustration, Fig. 1 shows Stokes I, Q and U maps obtained for Uranus at two elevations, ∼ 52 • (top panel) and 31 • (bottom panel). As can be seen in Fig. 1 , the maximum fractional instrumental polarization varies from 0.45 % to 1.84 % in |U/I peak | and from 1.27 % to 2.16 % in |Q/I peak | when source elevation changes from 52 • to 31 • , while the leakage pattern conserves the same cloverleaf shape. Due to the lack of good Uranus data at closely spaced elevations, the detailed manner in which the instrumental polarization level varies with elevation remains very uncertain, especially in the critical elevation range between ∼ 20 • and ∼ 45 • at which many potential scientific targets would be observed.
Dependence of the leakage pattern on focus
We found that the leakage pattern changed significantly even for small (±0.3 mm) differences in the focus position of the telescope (see Fig. 2 ). We tried to assess how much the leakage pattern would depart from the nominal pattern (for well-focused observations) in the case of observations taken while the telescope is (slightly) out of focus. Figure 2 shows a schematic diagram summarizing the typical evolution of the leakage pattern as a function of offset from the good focus position. This was estimated from a series of Uranus defocused maps. We found that the maximum fractional amplitude of the leakage or instrumental polarization pattern (|Q/I peak | max and |U/I peak | max ) increases by only ∼ 0.2% as long as the focus position is off by less than ±0.3 mm from the optimum focus correction (along Z). However, the shape of the leakage pattern changes quite significantly (and even loses its cloverleaf shape) at even small focus offsets of ±0.3 mm. To further quantify the dependence of the leakage pattern with focus, a larger number of defocused maps of Uranus taken at smaller focus offsets (e.g. ± 0.1 mm, ± 0.15 mm, ± 0.2 mm, ± 0.25 mm) from the optimal focus value will have to be observed. This will be one of the main purposes of the next NIKA2-Pol commissioning run. Figure 2 . Schematic diagram in Nasmyth coordinates summarizing how the instrumental polarization pattern (Stokes Q and U emission maps from an unpolarized source) varies as a function of the offset from the optimum focus position (along the Z axis). The typical cloverleaf pattern seen at the best focus position becomes more severely distorted as the applied focus correction is farther away from its optimum value.
Correcting for the leakage pattern
We used the best Stokes Q, U maps of Uranus taken during the Dec. 2018 commissioning week to verify that a leakage correction procedure similar to that devised by Ritacco et al. [12] for NIKA1 was properly implemented in the NIKA2 IDL pipeline (still under development). First, we applied the leakage correction directly to the Uranus map used to estimate the leakage pattern (i.e., observed at 52 • elevation, shown in the top row of Fig. 1 ). The residual Stokes Q/I peak and U/I peak maps obtained after correcting the data for the leakage pattern are displayed in Fig. 3f and Fig. 3l , respectively. These residual |Q/I peak | and |U/I peak | maps are less than 0.1% in amplitude, suggesting that the leakage-correction procedure has been properly implemented in the NIKA2 pipeline. Figure 3 also shows the residual Stokes Q/I peak , U/I peak maps obtained when applying the leakage-correction procedure to Uranus maps taken at other elevations than the map used to estimate the leakage pattern. We found that for maps taken at elevations > 45 • the magnitude of the residuals is lower than 0.3% (in |Q/I peak |) and 0.5% (in |U/I peak |) after leakage correction, but for maps at low elevations (∼20 • -30 • ) the residuals become significantly higher, up to 0.8% in |Q/I peak | and 2% in |U/I peak | (Fig.  3 ). Similar correction tests will be investigated with polarization residuals obtained at other elevations ( e.g ∼ 31 • ) to test this hypothesis. According to these preliminary results, it seems Figure 3 . Residual Stokes Q/I peak and U/I peak maps (expressed in % of I peak ) obtained after correcting each of the individual Uranus maps, taken at different elevations, by a single leakage pattern (from Uranus map taken at 52 deg elevation, (f) and (l) panels). The contours show levels of −2%, −1%, −0.5%, −0.2%, +0.2%, +0.5%, +1.0%, +2.0%. Note how the maps taken at elevations different from the one used to correct for the leakage show non-negligible residuals (up to ∼ 2%).
that a proper correction of NIKA2-Pol observations for instrumental polarization effects will require a good characterization of the leakage pattern at an elevation close to that of the observed data (∼ ±5 • ).
Conclusions
NIKA2-Pol will peer into the magnetic field of star-forming filaments as part of the IRAM 30m large program B-FUN. The instrumental polarization of NIKA2-Pol will be better characterized in forthcoming commissioning runs. The current NIKA2-Pol pipeline includes a method to correct for instrumental polarization which was already validated as shown in this paper. One of the next commissioning steps will be to obtain good maps of Uranus in polarization mode at closely-spaced elevations and for a fine grid of focus settings. Determining how the intensity-to-polarization leakage pattern varies with elevation and focus in more detail will allow us to use our correction method on NIKA2-Pol scientific data.
